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This article describes a method of conditional stability to im-
prove and stabilize characteristics of automatic regulation: syse
tems. It considers an electronic voltage regulator for a genera-
tor with stepped up frequency and a power synchronous follower
system. The adaptation of circuits for which the provisions of
conditional stability are fulfilled made 1t possible, .in both
cases, to secure quicker acting systems than with ordinary meth-
ods of stabilization and flexible feedbacks.

The utilization of the phenomenon of conditional: stability is considered
for the stabilization and improvement of the operating qualities of.regulating
devices. The occurrence of conditional stability is such that the given regu-
lation system has, in its open state at certain frequencies » an amplification
coefficient larger than unity, with a rhase angle displacement of the output
voltage in relation to the input voltage of 180°, and vemains stable. The Ny-
.quist curve for this system has a characteristic "beak." The possibility of
& conditional stability was mentioned for the first time in the work of Peter-
son, Kreer, and Weir. However, this occurrence was not utilized in practice
in developed systems of automatic regulations. ' =

Until recently, conditioral stabllity was considered as of thecretical
interest, but hardly to be employed in practical systems. However, the two
following examples show the utilization of conditional stability to stabilize
a system of regulation and to improve its operating qualities. The Pirst ex-'
amines the stability of en electronic voltage regulator for a generator with
stepped up frequency of 8§00 cps and power of 2 k. '

; - -1- . s " inf '

‘ . CLASSIFICATION CONFIDENTIAL cuNFmEN“Al '
STATE NAVY NSRB DISTRIBUTION. . . -

i [ARMY AR FBI [ ] I




‘v_",_ S . PR L

Release 2011/09/14 : CIA-RDP80-00809A000600350453-0

-

J

QONIERTIAL

CONFIDENTIAL

50X1-HUM

Figure 1 sghows & diagram of an electronic voltage regulator. The
measuring element of the regulator consists of a nonlinear bridge, three
arms of which have fixed resistances, while in the fourth arm there is a
diode 4D2 with a tungsten cathode, having a stable emission, whose fila-
ment is fed by the regulated voltage. The diode resistance depends on
the filament current magnitude. During voltage fluctuation of the genera-
tor, voltage appears at the output of the measuring bridge whose polarity
and magnitude depend on the direction and amount of displacement of the
generator voltage from the assigned value, corresponding to the balance of
the nonlinear bridge. The voltage from the output of the measuring element
is applied to the grid of the tube J13(6HT), which is comnected in the phase
bridge circuit.

With a voltage fluctuation on the grid of tube J73, its equivalent re-
sistance changes too, which results in a voltage phase displacement on the
grids of the thyratrons, relative to the voltage on the anodes of the thy-
ratrons Jfyend Jfc (TI° -213). The rectified voltage, whose value depends
on the voltage dev?ation of the generator, is applied to the excitation wind-
ing of the generator. The entire regulator 1s supplied by the generator volt-
age at a frequency of 800 cps.

A block diagram of the regulator is illustrated in Figure 2 and, as demon~
strated by the tes¢s conducted, can be represented in the first approximation
in the form of three links: (1) link measuring element, (2) link amplifier
and power elements, and (3) link generator. All three links can be replaced
by equivalent inertia elements described by operators of the form -7ﬁ§;;'with
time-constents T, Tp, T3, end amplification coefficients K1, Kp, K3.” "fnas-
much as all regulator eléments are elements of directed operations, i.e., the
operations in each successive link of the regulator do not influence the pree
ceding link, to obtain the general equation of the system in an open state, 1t
is sufficient to cross-multiply the operators corresponding to each link. As
a8 result we obtain

L/Mn‘:_ui,, (l)

Kl.’
(FpT) (142 ) GFpTs

where 1y, T2, T3 are time-constants of the separate regulator links, Kyq= Kl,
Ko, K3 ~- over-all coefficient of amplification, equal to the products of the
amplification coefficients of separate links, and p 1s the differential opera-
tor. In a closed circuit of regulation 2)

’ 2

LCH = A@uf
Substituting (2) in (1), we obtain, after corresponding transformations,
the characteristic equation

a‘p3+a,,/02+a,zp+aa= 0, | (3)

where

(%)

Equation (3) is the characteristic equation, corresponding to the dif-
ferential equation of the regulation system in question. Setting up Hurwitz'
condition for stability and substituting values obtained experimentally for
T3, T2, and T3 1 = 0.1 sec, To = 0.01 sec, T3 = 0.35 sec,) we shall find
the limiting coefficient of amplification of the system at which stable op~-
eration of the regulator is still possible without the introduction of anti-
hunt devices:

-2 -
CONFIDENTIAL

CONFIDENTIAL

¥

53-0




Sanitized Copy Approved for Re

(IS T W s T ) u. I

|

Y Ty T e T e e B LA
d for Release 2011/09/14 : CIA-RDP80-00809A00060

CONFIRENTIAL

CONFIDERTIAL

H K S+ Tt ) (L 4L (5)
@

e

Or after substitution of values for Ty, T2, and T3:

1+ Ky <52 (6)

The actual amplification coefficient is equal to 600; therefore, one has
to expect that in the absence of antihunt devices the regulator will be un-
stable. This 1s confirmed by the oscillogram in Figure 3, which illustrates
that the regulator produces undamped oscillations.

To achieve stable operation of the regulator, it is nectssary to intro-
duce in the regulation system an antihunt element, which, taking into consid-
eration the requirements presented to the regulator, should be simple. Be-
sides, it is desirable that the absence of sustained osclllations is not at-
tained at the expense of a considerable decrease of the amplification coef-
ficient, or at the expense of considersble decrease in the speed of regula-
tion. In the given case, while investigating the characteristics of the 8ys-
tem, it is expedient to use Nyquist’s method of amplitude-phase characteris-
tics, inssmuch as this shows graphically the influence of one or another anti-
hunt devices on the regulation stability. For plotting the amplitude-phase
characteristics it is necessary to substitute P = Jw in the expression for the
operator of the open system K = £ (p) and to lay out the curve K = ¢ (Jjw) with
@ changing from O to%°. The second branch for w changing from O ‘to - 00 will
represent a reflected image of the first, relative to the real axis in the
plave, f. If, in addition, the point (1, JO) lies inside of the obtained curve,
then the system will be unsteble; if outside of the curve, it will be stable.
From (1) the operator of the open system of regulation equals:

K= Usut _ K (7
Uin (14-PT )1 4+pT,) (TP Ts)

The amplitude phase characteristic for ar open system, described by equa-

tion (7), with the above indicated parameters, is illustrated in Figure &,
curve 1.

Inasmuch as the point (1,J0) lies inside the curve, the regulator is un-
stable. The natural frequency of the sustained oscillations of such a system
corresponds, approximately, to a frequency at which the characteristic inter-
sects with the positive axis x. In the case considered, w equals approximately
40, which conforms quite well with the experiment (Figure 3).

There are two basic methods for clearing the oscillations.

The first and most perfected method consists of inserting derivatives
from' the regulated parameter into the regulation circuit. In practice, with
ordinary systems one usually is limited to the first derivative. The second
method consists of changing the adduced time constents, at the expense of in-
troducing the induction into the regulation circuit s flexible feedback. This
method of eliminating sustained-oscillation is not as good as the first one,
since tl.: time of the transitional presess usually increases. The illustrate:
block diagram of a regulator in Figure 2 gives.only small possibilities of in-
troducing antihunt devices with the stipulation that resulting circuit complica~
tions are negligible. One of the reasons for this is the impossibility for con-
structive considerations of introducing the feedback voltage into the measuring
element of the regulator to utilize its amplification coefficient for the feed-
back voltege as well. Therefore, a more expedient regulator scheme with an anti-
hunt élemént: {s-ix318trated in Figure 5, 'where €lement IV.is.an eledentnproducing
a:voltage. at the output proportionally derived'from the input. voliage.
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The schemes considered for element IV give a distorted derivative with
an inertias characterized by the time constant T.

Figure 6 illustrates the circult for element IV. The sum of the volt-
ages taken from the nonlinear bridge and from the resistance Ry is applied
to the input of the amplifier element. The value of the resistance Ry should
be a few times larger than the resistance introduced by the bridge, so that
the circuit Ry - C; can be considered a link of directed operations. The
voltage, taken from the output of element IV is equal, according to Figure

6, to:
Uip = — LT U
“* +rly " (9)
where
Te =R, Cy -

With a parallel connection of element IV and element I, the resulting
voltage at the output of both elements relative to the voltage of the jnput -
Uin is expressed:

. o K. 7, _ (10)
l/au-/“— '7+P7; + 77’:’/,7; ”/n

From (10), it follows that with supplementary undistorted amplification
of the voltage taken off the differentiating circuit by K; times and with
equality of time constants Ty = T)

Ualul' = K’ U/” 4 (ll)

i. e., in this case, with the help of the parallel connection of the differen-
tiating link, the time constant of the inertia element cen be reduced to zero.
However, the introduction of supplementary amplification of the voltage taken .
from element IV would considerably complicate the regulator circuit. Mean-
while, in the absence of such an amplification, the introduction of element

IV cannot have significant influence on increasing the stability of the system,
since the inertia element has a relatively large amplification coefficient

(Kl = 15). The curve in Figure 7 illustrates the amplitude phase character-
istic of the measuring element. Curve II is the amplitude phase character-
istic of elements I and II in parallel. The equation for the amplification
coefficient of the system with the presence of element IV is: ’

2 K, pls KK 12)
K 1+p7; + 14,0 /) (1+p T )(14PT, (
Corresponding to this equation, the amplitude-phase characteristic of

the entire rogulator is illustrated in Figure 4, curve IXI. The introduction
of circuit IV, although the system approaches a somewhat stable condition,
does not lead to & full elimination of the sustained oscillations, as is
confirmed by the oscillogram in Figure 3 where the sustained oscillations of
the system were taken with circuit IV in the regulation circuit. Since the
above-introduced stabilization method was found to be insufficiently effec-
tive for the given regulator, another method was adopted.
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Inasmuch as the inertia and differentiating elements are equivalent to
certain electric systems with inductances, (capacitiances, and resistances,
one can gelect a combination of elements which would be equivalent to the
resonance conditions for the currents in the electrical circuit for the nat-
ural frequency of oscillation of the system. For this, it is apparently
necessary that in the expression for the amplification coefficient of the
system in a complex form (after substituting p = Jw) the imaginary part _
approaches zero at w = w9, where w0 is the natural frequency of oscillation
of the system., To give the resonance curve a sufficiently sharp form, it is
also necessary that the real part be sufficiently small.

As shown by the calculations, a series conuection of the two inertia p
links of directed operations, shunted by a differentiating element, as in
Figure 9, with certain values of the pareameters (T3, Ts, Ty, and K;), is 1
equivalent to the condition of resonance for the currents in the electric
circuit at w = @°. |

In addition, the phase of the amplification coefficient vector changes
ebruptly toward the leading side, as w approaches @w°. The result is that
point (1, JO) is not within the amplitude-phase characteristic, and the sys-
tem becomes conditionally stabilized. Generally, the analytical calculation
of the parameters T) and T5 for given values of T1 and K; is difficult. There-
fore, it is expedient for évery considered system to select parameters T4 and
Ts by means of several approximations. The approximation is facilitated by the
fact that the values T4 and T5 are rot of a critical nature, and can lie within
a fairly wide range. For the considered system the following values were chosen:

Ty = 0.5 sec., T5 = 0.1 sec

The amplitude-phase characteristic of the measuring element, in the pres-
ence of only the supplementary inertia element with time-constant T5, is indi-
cated in Figure 7, curve III. The amplitude-phase characteristic of the regu-
lator on the whole is determined by the expression

.._.=— /(M
K (1+pT )14 p T (1+p 10 +PT)

and indicated in Figure 4, curve III. The introduction of only one supplemen-
tary inertia link with the time-constant Tg5 = 0.1 sec aggravated, as was to be
expected, the stability conditions of the system. The oscillogram of the sus~
tained oscillation of the system, corresponding to curve III in Figure 4, is
i1llustrated in Figure 10..

(13)

Curve IV in Figure 7 corresponds to the amplitude-phase characteristic of
the measuring element with the introduction of element IV, in addition to the
supplementary inertia element. The expression for the operator of the system
in an open condition will be, in this case:

7(‘=_[ Ki + pZI] A=K,
(1+p TN 1+p76) T T+pTe L (14T XN14+pT)

— — _Kal1tpT) Ko Ko Ta (17 N1+ £ Ts)p (14)
(1P N1+ p T )1+ p T, )(14-p ;)11 pT5) :

Curve IV in Figure 4 corresponds to the amplitude-phase characteristic of the
system, according to equation (14) with p = jw. In this case, point (1, jO)
proved to be outside of the amplitude~-phase characteristic, i. e., the regula-
tor will be stable (the case of conditional stability).
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The oscillogram in Figure 11, corresponding to the connection and dis-
connection of full load on the generator, shows that the reguletor functions
with full stability. The time of the transitional process is set for 0.1l sec.

An interestirng conclusion from the above-indicated analysis 1s the pos-
sibility of obteining stable operation of the regulator by meaus of a distorted
derivative and & supplementary inertia link; producing a sharp phase change of
the vector of the amplification coefficient toward the leading side, for a fre-
quency approaching the natural frequency of oscillation of the system.

This method guarantees a large amplification coefficient at low frequencies,
and makes it possible, consequently, to obtein a quicker acting system than with
ordinary stabilization methods through flexible feedbacks. Thus, the method of
conditional stability contrasts favorably with the stabilrzation methods using
flexible feedbacks.

As the second example, where the conditional stability is utilized for im-
proving the quality of regulation, let us examine briefly the synchronous fol-
lower system with amplidyne control, whose equivalent diagram in an open condi-
tion is illustrated in Figure 12. The first phase-amplifier element can be an-
alyzed roughly as an inertis element with time-constant T} and amplification co-
efficient Ky. The amplidyne, with its full compensation, can be approximately
represented in the form of two combined elements series of directed operations,
corresponding to the control circuit, including the electronic scheme and cir-
cuits of the quadrature axis of the amplidyne with an over-all amplification
coefficient of Kp3, and the time-constants Tz and T3 (time-constant To 1is de-
termined together with the electronic tube, in whose anode circuit is connected
the control winding of the amplidyne). The fourth element represents the driv-
ing motor and is substituted for, in the first approximation, by an inertia ele-
ment with the time-constant Ty and the amplification coefficlent X) (we shall
disregard the inductance of the armature circuit). The fifth element is an
integrating one. The operator of the system in an open state is expressed by

K ' . (15)
PU+pT J+p ) (14 T3 XG0T PT,)

The numerical values of parameters for the system in question are the
following: K = Ky K23 . Ky . K5 2 1375 * 30° 1.5 * 0.002 = 124; T = 0.03
sec, Tp = 0.015 sec, T3 = 0.03 sec, Ty = 0.09 sec.

Substituting in (15) p = jw, we shall construct the amplitude-phase
characteristic for the considered system. The amplitude-phase characteristic
is shown in Figure 13, curve I. Since the point (1,J0) lies inside the curve,
the system is unstable. To stabilize the system, & flexible feedback is uti-
lized from the output of the motor (voltage is teken off, proportional to the
angular velocity of the motor) through the differentiating element, as in Fig-
ure 6, to the input of element II. The system of elements, with flexible feed-
back, is illustrated in Figure l4%. The equation for differentiating element VI

“will be:
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= — . K PTe
oo = ey (16)

The equation for the elements encompassing the flexible feedback, ac-
cording to Figure 1k, will be

w=—6/ Kz.:/(4(7+,°73) , (1)

T Rret Kos PT,F (14p T2 )04 p )T+ P )45 )
where K,g = K23Iq+K§ » and “Kydl = the coefficient, characterizing the relative
value of voltage, taken from resi:tance R in Figure 6, utilized for stabiliza-

tion. The expression for the operator of the system in an open condition with
flexible Zredback, encompassing elements II » III and IV, has the fcrm:

_ (18)
K= - - K. +pT, ‘ i
PUFET 14 p RGP T (14 P )TFPT) F Kool Koo PP T (1 T;)

The amplitude-phase characteristic, corresponding to equation. {18): at: Kpey= 0.2,
Rog =2k and Tg.® 0.5 seé, is illustrated in Figure 13, curve II. At the drawing
shows, the system, at the given velue of Krel = 0.2 becomes stabilized. To
increase the margin of stability, it is necessary to increase somewhat the

value of coefficient Kpej. If in place of the differentiating element of
Figure 6 we substitute a flexible feedback element, whose circuit is illus-
trated in Figure 15, the amplitude-phase characteristics of the system will
change. If, in the circuit of Figure 15, we assume that the value of re-
slstance Ry is large in comparison with Ry, we obtain roughly:

s P Hbip* b, prb, (9)

= w kﬂe/ kc (,03‘/‘0—,)02)

where
=L, b= (L _,_) __f_(_f _/_) 1
@, 7Z; .b/ (7Z+7;\_ ’ 62—71 7; +7E ’ 5—727;72_ ’
) 7Z=,?A=0.2~5'6=’-6 =R Cr=032sec Tp=R, (=05 sec
7

The over-all operator of the system with the presence of the element core
responding to Figure 15 in the flexible feedback circult is expressed:

- : K(po4-b, p2 4bap1-b3) N
PUtpR)(1+PT2)(14-p77) (14 75 ) (i +- bip2+bop+by+ (20)

- k(PJfA7P2+5aP ‘f'é?)
tR, et Koo p 04T X 7+ 12
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and the amplitude-phase characteristic corresponding to it for Kre1 = 0.2 1s
illustrated in Figure 16, curve I. For compaerison, an amplitude-phase char-
acteristic, curve II, is indicated with an ordinary layout for the differens-
tiating element in the flexible feedback circuit, Figure 6. As can be seen,
changing the layout of the flexible feedback circuit brought conditional
stability to the system. The difference of curve I from curve II is due to
the large amplification coefficient of the system at small frequencies, and
a system such as this will be quicker acting. Actually, if we calculate the
amplitude of the error for & closed system during a variation in the input
parameter (angle) according to "sine" law with an amplitude of 15° and a pe-
riod of 4 sec, then, for a modified sys'em of flexible feedback, Figure 15,
it will be equal to~~29; and for an ordinary system {Figure 6)~ L0, i, e.,
twice as large. 1In regard to the part of the curve in the frequency region
which characterizes a stable system, 1t remains approximately unchanged.

Therefore, in the second example, the operation of the system in the
area of conditional stability permitted an increase in the repidity of ac-
tion of the system. The two above~-illustrated examples of regulation sys-
teme are taken from experience. The indicated systems operate normally and
do not show any operational deficiencies. However, in contrast to other
ordinary systems, one has to take into consideration that during the utiliza-
tion of conditional stability, the decrease of the amplificaticn coefficient

below a fixed limit can produce sustained oscillations. The stabilization
method for automatic regulation systems employing conditionel stability can-
not be called a universal method, adaptable for all systems. However, in
meny cases it permits achievement of a stable system of regulation while pre-
serving its inherent rapid action.

[Eppended figures follow:]
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Flgure 1. Principlé Schematic Diagram of an Electronic Voltage Regulatoi‘
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Filgure 2. Block Diagram of Regulator \D\/\ﬁ/\;«? .
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I-Measuring element, II-smplifying and Figure 3. Oscillogram of Sustained
, power elements, III-generator Oscillation of a Thyratron Kegulator
without Antihunt Devices
ﬁote: lgy 1s apparently the "rela-
tive value_':7
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Figure 4. Amplitude-Phase Characteristics of an Open System of Regulation

I --.Without antihunt devices
II -- With the presence of one differentiating element
III -~ With the presence of one supplementary inertia element
IV -- With the presence of one differentiating element and one supplementary
inertia element
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Figure 5. Block Diagram of a Regula- Figure 6. Circuit of a Dif-
tor with Antihunt Element ferentiating Ele-
ment

Figure 7. Amplitude-Phase Characteristics of the Measuring Element of the

Regulator . .

I ~- Without antihunt devices
II -~ With the presence of one differentiating element
- III -~ With the presence of one supplementary inertia element
IV -~ With the presence of & differentiating element and one inertia element

AR L

et ditadiritiness ml--nnnwnul (1IN}

Y

Figure 8. Oscillogram of Sustained Oscillations of Regulaéor with Introduction
’ into the Circuit of ansiptihunt Circuit Conforming to Figure 5

¢

Figure 9. Block Diagram-of the Measuring Element of the Regulator with the
Presence of Differentiating and Supplemeuntary Inertia Elements
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Figure 10. Oscillogram of Sustained Figure 11l. Oscillogram, Corres-
Oscillations of a System ponding to Connection
With One Supplementary and Disconnection of
Inertia Element . Full Load on the Gen-
erator
f ‘GJ,[- ” &73—. &;75 khﬁ
S r P r iz r S r %

Figure 12. Block Diagram of a Synchronous Follower System with Amplitude
Control, in Open Condition:

I -- Phase-amplifier; II and III -- Amplidyne, approximately characterized by

two elements of directed operation; IV -- Driving motor, approximated by an
inertia element; V -~- Integrating element

.

Figure 13. Amplitude-Phase Characteristic of a Synchronous Follower Systeiﬁ
with Amplidyne Control, in an Open Condition

I -~ Without flexible feedback
ITI -= With flexible feedback
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Figure 14. Block Diagram through the Differentiating Element of Flexible
Feedback Encompassing an Amplidyne (elements II and III) and
Driving Motor (element IV)

I 4, n 4
G ;R
& Ra
Uout J 4

Figure 15. Circuit of Modified Differentiating Element

Figure 16. Amplitude-Phase Characteristic of Synchronous Follower System
with Amplidyne Regulation in an Open Condition

I -~ With flexible feedback, with modified differentiating element
IT -- With flexible feed'bz_:ck, with ordinary differentiating element
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